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Infectious diseases have seriously threatened human health and caused enormous losses to the global
economy. Rapid and accurate diagnosis of pathogens is crucial to the timely treatment of patients,
improvement of their prognosis, and containment of disease transmission. The conventional methods for
detecting pathogens are usually performed in well-equipped clinical laboratories that rely on sophisticated
equipment and well-trained personnel. In addition, a series of pre-analytical procedures, such as long
transport time, may bias test results and delay turnaround times (TAT), which are particularly detrimental to
infectious disease control in resource-constrained areas. Advances in multidisciplinary technologies, shifts
in health management models, and increased awareness of disease prevention have considerably driven
the development of the point-of-care testing (POCT) market. Many portable, low-cost, and rapid POCT
devices have been designed to promote health management, control disease spread, and improve patients’
prognosis. This review focuses on a comprehensive summary of recently developed POCT methods for
infectious diseases such as acquired immunodeficiency syndrome (AIDS), Zika virus disease, Coronavirus
disease 2019 (COVID-19), Ebola virus disease (EVD), and malaria, highlights the utilization of different POCT
devices in these diseases and reflects on the potential value of the internet of medical things (loMT), big
data, and artificial intelligence (Al) in the next-generation smart POCT. Finally, future perspectives,
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1. Introduction

Infection is the process that involves pathogens breaking
through the body's defense barriers, parasitizing and
multiplying in the body, and causing infectious diseases.
Diseases that can spread in the population are called
communicable diseases. Infections can occur in many
systems, such as cardiovascular, neurological, and urinary
systems, and cause endocarditis," meningitis,> urinary tract
infection,® and other diseases that can seriously threaten
human health and even lead to death. In addition, an
increasing number of reports have emphasized that some
chronic diseases are closely related to infections. For example,
Helicobacter pylori are closely related to chronic gastritis,
gastric ulcers, and gastric carcinoma.* Also, emerging and re-
emerging infectious diseases, particularly communicable
diseases that cause pandemics, continue to threaten global
health. As such, the research on infectious diseases still
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discussion and conclusions on detecting infectious diseases with POCT devices are listed.

deserves attention today,
spectrum.

Timely diagnosis of pathogens avoids blind medication,
curbs disease spread, and improves patients' prognosis. The
standard procedures for pathogen identification in clinical
laboratories are characterized by low positivity rates and long
testing periods. Other methods used in the laboratory mainly
include nucleic acid tests, immunological assays, and
sequencing. Reverse transcription quantitative polymerase
chain reaction (RT-qPCR) and sequencing can provide direct
evidence for pathogen diagnosis but require expensive
instruments, skilled technicians, long hours, and high costs.
Commonly used immunological assays, such as enzyme-
linked immunosorbent assays (ELISA), are laborious and
time-consuming.  Accordingly, samples are usually
transported to clinical laboratories for centralized testing.
The prolonged transport process may lead to sample failure
and affect the final results. Overall, the above methods are
unsuitable for the immediate detection of pathogens,
especially in low-resource areas.

In underdeveloped areas, the lack of diagnostic tools
prevents infected individuals from realizing their conditions
as early as possible, thereby delaying treatment and
increasing the risk of disease transmission in the community.
The development of point-of-care testing (POCT) has recently

despite the changing disease
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provided solutions to improve health surveillance and
management. POCT is tests performed outside of large-scale
laboratories and designed to shorten turnaround times
(TAT), change the clinical management of patients, and
improve patient prognosis.’” Compared to traditional
methods, POCT is an ideal candidate for infectious disease
diagnosis in underdeveloped areas due to user-friendliness,
rapidity, high sensitivity, and specificity. Various POCT
platforms, such as paper-based diagnostic platforms,® lateral
flow immunoassays (LFIA),” plasmonic-based platforms,® and
smartphone-based biosensors,” have been used for rapid
diagnosis of infectious diseases to facilitate medical advances
in remote areas.

Given the wide variety of pathogens that cause infectious
diseases, presenting them all is difficult. Pathogens
threatening the health of people in resource-poor areas are
more often focused on our attention because people in these
areas are vulnerable to these diseases due to poor sanitation,
lagging medical technology, and special natural conditions.
This review discussed POCT advancements for diagnosing
infectious diseases over the past few years, using acquired
immunodeficiency syndrome (AIDS), Zika virus disease,
Coronavirus disease 2019 (COVID-19), Ebola virus disease
(EVD), and malaria as examples. POCT-related methods were
briefly described to facilitate the transition to specific POCT
studies. Research advancements for these infectious diseases
were then summarized, including microfluidic chip-based
diagnostic  platforms, isothermal amplification-based
wearable devices, and LFIA. The last part is the future
perspectives, discussion and conclusions of POCT in
detecting infectious diseases.

2. A brief overview of detection
methods

Pathogen detection methods mainly include isolation, culture
and identification, morphological examination, gene
sequencing, nucleic acid testing, and immunological testing.
Differences in pathogen size, culture characteristics, and
infectivity make the first two methods only suitable for high-
level laboratories. Portable gene sequencers still present
challenges in integrating library preparation, bioinformatics
analysis, and accuracy.'® As such, the latter two methods are
more suitable for POCT scenarios. Furthermore, intact virus
particles can also be targeted for virus detection, and the
methods mentioned in this paper for detecting intact viruses
are described here.

2.1. Nucleic acid testing

Nucleic acid amplification methods are widely used and
divided into variable temperature amplification and isothermal
amplification. Variable temperature amplification refers to the
polymerase chain reaction (PCR), and exponential
amplification is achieved by several “denaturation-annealing-
extension”. Isothermal amplification is roughly subdivided into
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enzyme-free amplification reactions and enzyme-involved
amplification reactions. The former is mainly based on the
hybridization process represented by catalyzed hairpin
assembly (CHA) and hybridization chain reaction (HCR).
Among the enzyme-involved amplification reactions, loop-
mediated isothermal amplification (LAMP) and recombinase
polymerase amplification (RPA) are the more widely used
methods. The unique advantage of LAMP is that the
amplification products can be detected in various ways,
including colorimetric assay, real-time fluorescence assay, and
turbidimetric assay. Among them, the colorimetric method is
performed by adding dyes such as calcein, pH-sensitive dyes,
hydroxynaphthol blue (HNB), and SYBR Green I to the LAMP
reaction system, and the results are interpreted by the color
change before and after the reaction."’ RPA, another popular
isothermal amplification technique, is characterized by low
temperature, fast reaction kinetics, simple primer design, high
sensitivity, and specificity and is more suitable for nucleic acid
detection in POCT scenarios. To date, few reports of RPA based
on color changes are available, except for those using SYBR
Green I to indicate RPA-positive amplification products.">"?
Recently, Priti et al. used HNB to establish a colorimetric
method for RPA, where HNB was added before amplification to
indicate positive amplification products, and the color of the
solution containing positive products changed from dark blue
to sky blue."® The RPA reaction system involves various proteins
and has a strong buffering capacity, making exploring pH-
sensitive dye-based RPA reactions difficult. A recent study by
Tomar et al initially investigated the mechanism of pH
changes in RPA assays and provided a valuable guide for the
in-depth study of RPA."> Additionally, clustered regularly
interspaced short palindromic repeat (CRISPR)/CRISPR-
associated protein (Cas) systems consisting of guide RNA and
Cas protein have become increasingly widespread for in vitro
diagnostics. Since the sensitivity provided by CRISPR/Cas
systems does not meet the detection needs for specific targets,
such as the infectious diseases discussed here, the
combination of CRISPR/Cas systems and nucleic acid
amplification has become an important trend to improve
analytical performance further, and has been applied to various
detection platforms like microfluidics and biosensors. More
introduction to LAMP, RPA, and CRISPR/Cas systems and
learning about other isothermal amplification techniques can
be accessed from the relevant literature.'®™"®

2.2. Immunological testing

Immunological testing mainly includes traditional serological
assays (sedimentation assays, agglutination assays, and
others) and labeled immunoassays (fluorescent-labeled
immunoassay, enzyme-labeled immunoassay, and others).
Traditional label-free immunoassays are difficult to meet the
demand for detecting low-abundance targets. By introducing
advanced materials into the sensors, label-free immunoassays
have become feasible. For instance, the mutual benefit of
each constituent in the nanocomposite formed by Zr-trimesic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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acid MOF (MOF-808) and carbon nanotube (CNT) produced
enhanced electrochemical properties. By modifying MOF-
808/CNT on the surface of the glassy carbon electrode and
using streptavidin to increase the antibody binding sites, a
label-free electrochemical sensor could be constructed to
detect carbohydrate antigen 125 down to 0.5 pg ml "
Another example is the label-free electrochemical
aptasensor for severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) detection.”® Copper hydroxide
nanorods (Cu(OH), NRs) were grown on the surface of
screen-printed carbon electrodes, where the Cu(OH), NRs
served both as a substrate for immobilizing the aptamers
and as an electrochemical probe for the sensor. The
complex formed by the binding of SARS-CoV-2 spike (S)
protein to the aptamer blocked the electron transfer of
Cu(OH), NRs on the electrode surface, which in turn
caused a decrease in the peak current. This sensor showed
good reproducibility and a wide dynamic range with
detection limit of 0.03 + 0.01 fg mL™" for SARS-CoV-2 S
protein. In recent years, the development of various novel
labels, the advances in microfabrication technology, and
the integration of different technologies have also
contributed to advances in immunological assays, such as
faster detection time, better detection performance, and
easier methods for reading results, as well as making
portable detection platforms based on LFIA, sensors and
microfluidic chips accessible.*’ *® The antigen-antibody
reaction is performed on the surface of the chip channel,
at the sensing interface of the sensor, or on the paper-
based material, and then the signal readout method is
selected according to the properties of the labels.
Immunological methods based on different labels share the
most procedures of classical ELISA. Thus, only ELISA is
briefly described here. The basic principle of ELISA is
coating a solid substrate with antigens or antibodies to
capture the antibodies or antigens in the sample.
Subsequently, enzyme-labeled antigens or antibodies are
added to form sandwich complexes, and unbound material
and impurities are removed by washing. Finally, the
corresponding enzyme substrate is added for development
reaction, and qualitative or semi-quantitative analysis is
performed according to the color intensity. More introductions
and experience with ELISA can be found in Aydin's review.””

2.3. Intact virus particle detection

The detection of intact virus particles covered in this article
is molecular imprinting technology (MIT). MIT mimics the
process of specific binding of enzymes to substrates or
antigens to antibodies and three elements:
templates, functional monomers, and cross-linkers. The core
of MIT is imprinting a template in the synthetic polymer to
form a cavity with the identical structure of the template.
MIT simply means customizing a lock for the template, and
when the template presents as a key, the specific binding
between the lock and the key will trigger signal generation.

involves
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These signals can be optical, electrical, thermal, or
colorimetric, and therefore MIT can be integrated into
different sensing platforms.*®*° MIT is now used in a wide
range of fields, and research in pathogen detection is
proliferating.”** Further details on the three elements and
molecularly imprinted polymers (MIP) preparation methods
can be obtained in the related review.>® Recently, the concept
of green MIT has been proposed considering the problem of
pollution to the environment and the hazards to the
operators, and a detailed discussion is presented in the
review by Arabi et al.>* Another conception to detect intact
virus particles is based on the interaction between
angiotensin-converting enzyme 2 (ACE2) and S protein of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2). ACE2 serves as the receptor of SARS-CoV-2 and plays an
essential role in the entry of SARS-CoV-2 into cells.**?®
Moreover, studies show that the affinity of ACE2 for the S
protein of SARS-CoV-2 increases with viral mutation,®”*° and
therefore ACE2 has the potential to be used as a recognition
element in different platforms such as electrochemical
sensors for the detection of SARS-CoV-2 and mutant strains
of SARS-CoV-2.*1"*

3. Research advances in the diagnosis
of infectious diseases
3.1. Progress of POCT in AIDS diagnosis

AIDS is a chronic communicable disease caused by the
human immunodeficiency virus (HIV). According to World
Health Organization (WHO) statistics for 2021, approximately
38.4 million people worldwide were still living with HIV, and
0.65 million people died from HIV-related causes.” Initial
infection may be asymptomatic or have flu-like symptoms,
including fever, headache, rash, and sore throat, followed by
more pronounced symptoms such as swollen lymph nodes,
weight loss, fever, diarrhea, and cough as the disease
progresses. HIV gradually destroys the function of immune
cells and eventually often leads to complications of various
infections and tumors.*® However, AIDS-infected individuals
may be reluctant to receive testing because of stigma or have
no access to get tested. Although scientific endeavors have
been numerous, the treatment of AIDS remains a significant
challenge worldwide. Therefore, early diagnosis and timely
treatment of AIDS are of great importance in managing AIDS
and curbing the spread of the disease, and early detection of
AIDS is the key to initiating antiretroviral therapy. Nucleic
acid quantification can be used for the early diagnosis of HIV
infection, and molecular-based virus load testing for HIV-
positive individuals is considered a cost-effective and
sustainable method to assess the effectiveness of antiviral
treatment.*® Different isothermal amplification strategies
have been adopted to eliminate the limitations of thermal
cycling instruments. For example, RPA is a multienzyme-
assisted isothermal amplification technique that can amplify
nucleic acids at human body temperature. Kong et al
developed a wearable device for HIV-1 DNA detection using
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Fig. 1 Advances in HIV POCT diagnosis. (A) The operational procedure of RPA-based wearable device for HIV-1 detection.>® (B) Overall design of the
analyzer and microfluidic cartridge and their exposure views.>! (C) The principle of microfluidic integrated multicolor immunosensor for detecting HIV-

24 antigen.®
consisting of EGOFET sensors and BFCs.>®

dorsal wrist temperature as the heat source for the RPA
reaction.®® The entire procedure involved four steps: device
assembly, RPA reaction, fluorescent detection, and image
analysis (Fig. 1A). The smartphone-based fluorescence
detection system further promoted the application of this
rapid, sensitive, and easy-to-use wearable RPA device in low-
resource AIDS-affected areas.

Recently, Liu et al. developed a reverse transcription LAMP
(RT-LAMP)-based  streamlined HIV self-testing device
consisting of a disposable reagent cartridge and a palm-sized
analyzer (Fig. 1B).”" The analyzer with the USB interface
integrated optical, thermal, and mechanical modules
controlled by a microcontroller unit to perform sample
preparation, purification, and real-time RT-LAMP reactions
in a disposable microfluidic cartridge. Thus, this HIV
testing platform removed the barrier of unavailable
equipment for homes and poor laboratories. This method
is highly promising and suitable for the general public
because fingerpick whole blood is easy to collect, and the
method is cost-effective and sensitive. In addition, the
design of the disposable closed microfluidic cartridge
effectively avoids cross-contamination. Secondly, the
detection process is automated with minimal wuser
intervention, and finally, the results are accessible to users
with the help of a customized graphical user interface.
Further improvements, such as lyophilization and pre-
embedding of RT-LAMP reagents, are needed to lower cold
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chain transport and low-temperature storage requirements.
This HIV device was designed for private self-testing in
high-risk populations but can also be used for patient viral
load monitoring. Therefore, it is worth exploring the
iteration of the current ultra-compact analyzer into an
internet of medical things (IoMT)-assisted device, as it
would benefit medical centers in tracking HIV prevalence
and clinicians in monitoring results online and adjusting
treatment regimens as needed.

As well as nucleic acid amplification techniques, extensive
studies have been conducted to detect the HIV P24 antigen,
as it is considered an early virological biomarker of HIV
infection and can be detected by sensitive immunological
methods as early as day 14 after transmission.”> However, the
cumbersome operation and the need for equipment of
immunological methods may impede their use in resource-
limited areas. The microfluidic chip is flexible enough to
combine the functions of different partitions of the
laboratory and enables the assembly of laboratory operations
like sample preparation, reaction, and detection on a small
platform with low reagent and sample consumption, high
throughput, and fast response.”® Further, many portable
microfluidic immunoassay chips have been developed to
improve detection capabilities in under-resourced areas
because microfluidic chips are compatible with various
detection methods. For example, Liu et al integrated
cumbersome procedures of ELISA into a microfluidic chip

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and applied the optical properties of gold nanorods (AuNRs) to
construct a multicolor immunosensor for p24 antigen
detection.>* The mixture of sample and p24 capture antibodies-
modified magnetic beads, horseradish peroxidase (HRP)
labeled detection antibodies, and 3,3',5,5-tetramethylbenzidine
(TMB) solutions were added to reservoirs i-iii, respectively. By
moving the magnet, the liquid was moved from reservoir i to
reservoir iii. When HRP oxidized TMB, AuNRs were etched to
exhibit different colors after adding AuNRs and H' solution
(Fig. 1C). Sensitive, specific, and accurate results can be
observed visually without interference from plasma proteins.
This method's operation was extremely simplified, and the
whole process could be completed within 1 hour. Besides,
centrifugal microfluidics has an obvious application in massive
field testing because it dramatically simplifies the experimental
process by setting different parameters. In Li's research, an
integrated and colorimetric-based platform consisting of a
centrifugal device, a reusable 4 x 8 zigzag microchannel chip,
and a smartphone was designed.”> The multi-step solution
loading was required for this microchannel chip, but its design
and fabrication are less challenging than other centrifugal
chips. Application of the double antibody sandwich ELISA and
biotin—(streptavidin-polyHRP) system allowed a minimum
detection of 0.11 ng ml™ p24 antigen in human plasma.
Compared to traditional ELISA methods, this method
consumes fewer reagents, costs less, and can analyze 32
samples simultaneously.

POCT devices that do not require external power sources
are more portable and also reduce the need for resources,
which is ideal for diagnosing diseases in remote areas,
especially in areas where electricity is scarce. To this end,
Sailapu et al construct a self-powered smart sensing
platform for P24 antigen detection.”® The platform used
electrolyte-gated  field-effect transistors (EGOFETs) as
sensors and paper-based biofuel cells (BFCs) to obtain
energy from the analyzed samples, with the smart
interfacing circuit connecting the EGOFETs with the BFCs
(Fig. 1D). Due to the low voltage required by the EGOFT,
the 3.5 pL measured sample was sufficient for the BFC to
provide a stable output voltage for this sensor. Based on
effective capacitive coupling between the gate electrode and
conducting electrolyte as well as between conducting
electrolyte and semiconductor interface, the POCT platform
can detect up to 1 fM P24 antigen after biorecognition
between capture antibody immobilized on the gate
electrode and P24 antigen, and no additional power supply
was required. Another alternative strategy is the paper-
based colorimetric detection system based on the enzymatic
or color-change chemical reaction. The -capillary action
provided by the paper drives the liquid flow, which avoids
the need for a pump in traditional microfluidic devices,
and the colorimetric detection permits the results to be
observed with the naked eye, so paper-based colorimetric
detection systems can be free of resource limitations such
as instruments. Unlike LFIA, where fluid flow is limited to
one dimension and multi-step fluid manipulation is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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difficult, the microfluidic paper-based analytical devices
based on the origami principle integrate sequential
manipulation steps and enable fluid control by folding and
pre-processing the paper, such as adjusting the fluid flow
rate and controlling the fluid flow direction.’”*® For
example, Chen et al designed a sensor for infectious
disease diagnosis that consists of a colorimetric ELISA-
based 3D paper-based microfluidic analysis device (3D-
tPADs), a 3D-printed holder, and a color chart diagram.>
Among them, the main components of 3D-tPADs included
conjugate and detection wells, respectively encapsulated
with detection and capture antibodies, and three absorbent
pads pretreated with sucrose and pullulan. The multi-step
operation of ELISA was performed by folding the 3D-tPADs.
Notice that a ‘timer’ was integrated into the 3D-tPADs to
indicate the appropriate time for the washing and color
development steps by controlling the viscosity of the buffer
flowing through the absorbent pads and the volume of the
fluid path in the absorbent pads. By comparing the color
on 3D-tPADs with the color chart diagram, this electricity-
and instruments-independent sensor detected as low as
0.03 ng ml™ p24 protein in the plasma matrix, further
validating the feasibility of this device.

CD4" cell counts are also an important indicator for
clinical monitoring and often used to assess the patient's
immune status. Flow cytometry (FCM) for counting CD4"
cells is usually used in well-equipped laboratories where
professional operators are available to perform the project
and manage the instrument. In addition, flow cytometers
are expensive, which limits the further availability of the
technology at the grassroots level. Therefore, simpler and
more affordable platforms for counting CD4' cells need to
be developed to meet diagnostic needs. Sher et al
developed a magnet-driven method to quantify CD4" cells
from 30 pL whole blood based on cell lysate electrical
impedance spectroscopy.®® With magnetic drive, CD4" cells
were first effectively captured with antibody-coated
magnetic beads to form complexes, and then the complexes
were sequentially washed and lysed. CD4" cells were
quantified based on the changes in solution conductivity at
a specific frequency scan. The method requires no sample
preparation procedure and allows quantitative CD4" cell
enumeration in 5 minutes with a detection limit of 25 cells
per pL. In another study, Xiao et al. designed a fluorescent
immunochromatographic system for indirect counting of
CD4" cells based on the blocking principle.®® Immune
complexes formed by fluorescent anti-CD4" cell antibodies
and CD4" cells were blocked at the filter pads, while free
fluorescent antibodies that were not bound by CD4" cells
could bind to capture antibodies at the detection line.
Thus, the fluorescence intensity at the detection line is
inversely correlated with the number of CD4" cells in the
sample. The method reliably quantified CD4" cells in whole
blood samples without lysing red blood cells and had a
high coincidence rate with FCM analysis, with potential
application in resource-poor areas.
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3.2. Progress of POCT in Zika virus disease diagnosis

Zika virus (ZIKV) is a positive-sense, single-stranded RNA
virus. It was first isolated from Uganda in 1947, and WHO
declared a global public health emergency in 2016.°* Eighty-
nine countries and territories have reported evidence of
mosquito-borne ZIKV infection, with a global spread trend
emerging.®® ZIKV is spread primarily by infected Aedes
mosquitoes. It can also be transmitted from mother to fetus
during pregnancy or through sexual contact, blood or blood
product transfusions, and organ transplants. Most
individuals infected with ZIKV have no clinical symptoms or
only mild or nonspecific clinical symptoms such as fever,
rash, conjunctivitis, and headache that usually last 2-7
days.*> However, ZIKV also causes a range of severe
complications like Guillain-Barré syndrome, microcephaly,
and congenital Zika syndrome, which especially pose a
significant threat to the health of newborns in impoverished
areas.®®> The massive ZIKV outbreak in 2015 and the severe
complications associated with ZIKV infection alert us that
portable and cost-effective diagnostic tools still need further
development. Towards this aim, Mendes Duarte and co-
workers developed a visual RT-LAMP method for directly
detecting ZIKV from plasma samples using the Bst 3.0
enzyme and optimized conditions.*® This reaction amplified
ZIKV nucleic acid in only 10 minutes at 72 °C with good
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specificity and sensitivity up to 20 zM with real plasma
samples. Besides, clinical samples tested by RT-LAMP show
100% agreement with RT-qPCR. The highly sensitive and
SYBR Green I-based RT-LAMP method facilitates early
diagnosis of ZIKV in developing areas.

Based on the RT-LAMP reaction, Jankelow et al. developed
a more integrated detection system for ZIKV detection from
the unprocessed blood sample.®® This system integrated
sample processing, isothermal amplification, and result
display into two separated microfluidic cartridges, and a
detection device powered by batteries was used to provide
heat and LED light sources. Nucleic acids were first released
by chemical lysis and then mixed with RT-LAMP buffer
before entering six parallel microfluidic channels for
amplification. Finally, the results were real-time monitored
by a smartphone clipped on the detection instrument, and
the total time took less than 32 minutes with 10° virus
particles detectable from the blood sample. Another strategy
to detect ZIKV from whole blood is the POCT platform
developed by Yang's team that includes a vial immunosensor
for ZIKV (VISzv), platinum/gold core-shell nanoparticles
coated with antibodies (Abyky-Pt@Au NPs), and a
smartphone.®® By embedding a glass chip coated with
capture antibodies in the VISyy lid, the assay was performed
by simply dropping blood into a VISy iy containing Abzxy-
Pt@Au NPs, shaking, transferring the lid and recording
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